Introduction
High purity (INA -ND| <2 x 1010 cm-3) single crystal germanium suitable for large volume radiation detectors has been produced in several laboratories for a number of years.''2 Once it was demonstrated by Haller, et.al., ' that the zone refined germanium was the source of all but one (P) of the impurities found in these crystals, a program to investigate the zone-refining process was begun.
The zone-refining process for germanium as described by Pfann and others in the 1950's 4,' depends for its effectiveness on the nature of the equilibrium between the solid and liquid phases of germanium in which impurities are dissolved. This relationship is usually expressed as the segregation or distribution coefficient k; a ratio between the impurity concentration in the solid phase to that in the liquid. Impurities with k >1 (B, Si) tend to remain in the solid phase and segregate in the opposite direction as zone travel. Most impurities in Ge, however, have k 10-3 or less. They will move easily with the liquid zone and be deposited in the last Ge to freeze at the "dirty" end of the bar. A few elemental impurities from Groups III and V (Al, Ga, In, P) have segregation coefficients of about .1 and will be removed more slowly.
This simple model of the zone-refining process can be applied for impurity concentrations down to the intrinsic level (-4103 cm-'). At lower concentrations, the effective segregation coefficient of a number of impurities, (Al, B, Ga) does not remain constant, but approaches unity. Consequently, the impurity concentrations in our zone refined ingots do not reach the ultimate distributions predicted by Pfann. Identifying those parameters of zone-refining which produce "anomalous" segregation coefficients has required the investigation of many possible conditions which are compiled in Table 1 
Impurity Behavior During Single Crystal Growth
The importance of the container for high-purity single crystal growth was made clear by Hall' and Haller, et.al.' They showed that aluminum in the starting charge segregates normally when single crystals are grown from a graphite crucible or pyrolitic carbon coated quartz crucible but does not segregate in a bare quartz crucible. Furthermore, the electrically active aluminum concentration of a given crystal will appear to increase by about a factor of 6-10 if it is grown in a carbon container rather than quartz. This increase is reversible and demonstrates that most of the aluminum in a crystal grown from bare quartz is not electrically active.
Boron, which may be present at concentrations -10'' cm-' in the starting material, will remain electrically active if the melt is contained in pyrolitic carbon but will largely disappear if the crystal is pulled from a quartz crucible. This reduction, which can be as much as a factor of 100, is irreversible in the sense that regrowing the quartz crucible crystal in carbon will not make the boron reappear.
An explanation of such impurity behavior was suggested by the work of Edwards'2 when he demonstrated that electrically inactive complexes of Al and B with 02 can be formed during crystal growth from graphite crucibles. At the time, however, the role of silicon was not fully appreciated except as a component which might explain the discrepancy between Edwards' observations of boron and our own.
It was shown3 that at a level of -10'7 cm-' silicon in a single crystal grown from a Suprasil quartz crucible aluminum segregates. Aluminum also segregates in crystals containing oxygen at concentrations as high as 6 x 1013 cm-3* as long as the quartz crucible is isolated from the Ge melt by a pyrolitic carbon layer. Such a case is shown in Fig. 2 Since we believe that during single crystal growth from a pyrolitic carbon quartz crucible under hydrogen atmosphere, there is very little oxygen and probably no silicon present, the obvious extension would be to refine under such conditions. The technological difficulty is that molten germanium wets pyrolitic carbon coated quartz, allowing the solidified germanium to adhere to the walls of the boat. If the germanium cannot slide in its container as the thermal expansions and contractions occur, the boat will break as the germanium pushes against one end. Recently, we have found that by selecting very smooth quartz tubes with uniform inner diameter (45 mm), closing off the ends by rounding, then slicing lengthwise, halfcylinder boats can be made in which refining can be done. The glassy pyrolitic carbon on smooth quartz with no constriction in diameter allows just enough slippage in short "jumps" to keep the boat from breaking. Experiments with boats of this type are in the initial stages so results are still forthcoming.
Zone Refining in Silica Coated Quartz
Another approach to the search for effective zone refining has been the use of silica smoke as a boat coating. Made by burning silane as described in the 00E Fig. 4 Ingot 165 is single crystal, refined in a silica smoked quartz boat. 0 represents net acceptors as measured by conductivity. Ingot 127 is polycrystalline, refined in a silica smoked quartz boat.
indicates net acceptors, E represents aluminum, A boron, and gallium. There is little difference in impurity concentration between the single crystal and polycrystalline material or between 6 and 28 passes of the molten zone. Ingot 127 has a "flatter" impurity profile while 165 shows a slightly "sloping" profile with some accumulation in the tail end. From PES data, we found the major impurity in the silica smoke ingots to be aluminum with small amounts of boron and gallium. PES measurements have also determined that slight segregation of aluminum in Ingot 165 makes the impurity profile rise slowly in concentration. This effect is consistent with the hypothesis that the presence of excess silicon allows some segregation. However, most purification takes place in a few passes so a mechanism such as gettering by complex formation rather than segregation must be dominant. Figure 5 shows a cast ingot (174) of intrinsic grade commerical germanium refined for five zone passes. After removing the ingot and measuring the concentration it was etched, exposing a new surface. The ingot was returned to the same coating for five more passes and a further reduction of 2.5 in impurity concentrawas achieved (Ingot 175). Ingot 179 was also a cast ingot of 40 Q cm germanium refined for five passes. The ingot was carefully removed but not etched and only the silica smoke coating replaced. By moving the position of zone start, enough of the initially refined germanium could be preserved to determine the profile after the first five passes. The balance of the ingot, unetched but in contact with a fresh coating exhibited a dramatic 5- Using this gettering action, one can consistently produce germanium of sufficiently high purity for detector grade crystals to be made in a single pull. While investigating the silica coating, it was observed that all such ingots had a characteristic "dip" in concentration wherever a zone was begun. This effect is shown in Fig. 6 2) The intimate contact between the silica and carbon makes possible borosilicate formation, effectively removing most of the boron contributed by the carbon.
The starting material for Ingot 187 was intrinsic grade germanium whose aluminum content can be seen segregating into the end of the ingot as in Ingot 121. The major difference is that the presence of the silica smoke has kept the boron to a level easily removed in final crystal growth. A new acceptor, identified by Haller15 as A6, also contributes to the measured impurity concentration. This acceptor, which is seen quite often in the presence of pyrolitic carbon and hydrogen, will disappear during single crystal pulling. Its presence is a reminder to not assume that all observed impurity concentrations are related to the common substitutional elements and points out again the power of PES as an analytical tool for semiconductors.
Crystals grown from Ingot 187 have been p-type and consistently in the range of 1-3 x 1010 cm-3 at the seed end with a junction of 30% to 50% of the melt frozen. Refining similar ingots under a pure hydrogen atmosphere has been recently attempted but the results are still forthcoming.
followed by silica smoke refining. 3) Silica smoke refining repeated. 4) Pyrolitic carbon/silica smoke refining alone.
Further areas for investigation involve reducing the oxygen content during refining so that higher levels of purity can be reached and attempting to understand the nature of the new acceptors such as A6 which have appeared in both zone refined and single crystal material. We feel that the understanding of highpurity germanium is now at the point where the consistent production of large amounts is feasible.
